We have prepared a site-specific mutant of human carbonic anhydrase (HCA) II with histidine residues at positions 7 and 64 in the active site cavity. Using a different isozyme, we have placed histidine residues in HCA III at positions 64 and 67 and in another mutant at positions 64 and 7. Each of these histidine residues can act as a proton transfer group in catalysis when it is the only nonliganding histidine in the active site cavity, except His 7 in HCA III. Using an 18 O exchange method to measure rate constants for intramolecular proton transfer, we have found that inserting two histidine residues into the active site cavity of either isozyme II or III of carbonic anhydrase results in rates of proton transfer to the zinc-bound hydroxide that are antagonistic or suppressive with respect to the corresponding single mutants. The crystal structure of Y7H HCA II, which contains both His 7 and His 64 within the active site cavity, shows the conformation of the side chain of His 64 moved from its position in the wild type and hydrogen-bonded through an intervening water molecule with the side chain of His 7 . This suggests a cause of decreased proton transfer in catalysis.
The carbonic anhydrases in the ␣ class include the mammalian isozymes and are all zinc-containing monomeric enzymes, generally with molecular masses near 30 kDa. These isozymes of carbonic anhydrase catalyze the dehydration/hydration of HCO 3 Ϫ /CO 2 by a two-stage or ping-pong mechanism in which the first step (Equation 1) is the reaction of bicarbonate with the enzyme containing zinc-bound water resulting in the formation of CO 2 and leaving zinc-bound hydroxide at the active site (1, 2 The second stage is the regeneration of the zinc-bound water through proton transfer (1, 2) . BH ϩ represents a proton donor that is a residue of the enzyme itself or buffer in solution. In the carbonic anhydrases, the maximal velocities of catalysis and the rates of exchange of 18 O between CO 2 and water are limited by the intramolecular proton transfers indicated in Equation 2 . This was initially determined by observation of a solvent deuterium isotope effect of 3.8 on k cat for hydration catalyzed by human carbonic anhydrase (HCA) 1 II, among the most efficient isozymes in the ␣ class of carbonic anhydrases (3) . The solvent hydrogen isotope effect was 2.4 for 18 O exchange catalyzed by HCA III, the least efficient of the ␣ class (4) . Subsequent results including pH profiles, buffer activation, and computer simulations for these isozymes support the rate-limiting nature of proton transfer in these isozymes (4 -7) .
For HCA II, the catalytic turnover is near 10 6 s Ϫ1 . For this isozyme the predominant shuttle residue has been identified as His 64 (3, 5) , the side chain of which extends into the active site cavity without apparent interactions with other residues of the protein (8, 9) . The imidazole ring of His 64 is about 7.5 Å from the zinc when this side chain is in the "in" conformation pointing toward the metal (8) . This is too far for direct proton transfer to the zinc-bound hydroxide requiring proton transfer through intervening hydrogen-bonded water bridges. Water molecules that are apparently hydrogen-bonded have been observed in the active site cavity in crystal structures of HCA II (8 -10) , suggesting possible proton transfer pathways (11, 12) .
Carbonic anhydrase is a good model system for investigating properties of proton transfer in a protein environment; in many cases we know the identity of the proton donor and acceptor, and the rate constant for proton transfer can be easily determined because it is often rate-determining in catalysis. Moreover, the range of rate constants for proton transfer is rather large, from 10 3 s Ϫ1 for isozyme III to 10 6 s Ϫ1 for intramolecular proton transfer in HCA II. Recent discussion has focused on the features of the enzyme that influence this rate of intramolecular proton transfer and why it cannot be made faster (11, 12) . The presence of multiple proton shuttle pathways is a possibility in many systems under current investigation such as cytochrome c oxidase (13) , glycinamide ribonucleotide transformylase (14) , bacteriorhodopsin (15) , and the bacterial photosynthetic reaction center (16) , in which the proton transfer pathway involves many amino acid side chains and water molecules. In the case of HCA II and III, we have enzymes for which there is considerable previous work on proton transfer, one in which the effect of multiple proton shuttle groups can be readily assessed. We investigate here the kinetic properties of carbonic anhydrases in the case that a single active site accommodates two proton shuttle residues. To investigate this possibility we have con-structed mutants of HCA II and HCA III each containing two histidine residues; each histidine residue, with one exception, acts as a proton shuttle in the absence of the second. We first comment on the proton transfer capacity of histidine residues at single sites in carbonic anhydrase and then discuss the data with two histidine residues in the cavity.
MATERIALS AND METHODS
Enzymes-Human carbonic anhydrases II and III and mutants were prepared using bacterial expression vectors optimized for site-specific mutagenesis and protein synthesis (17) . The vectors were derived from the T7 expression vectors of Studier et al. (18) and contained a bacteriophage f1 origin of replication for production of single-stranded DNA. Both single-site and cassette mutants were prepared with these vectors, and protein expression was in the range of 5-30 mg/liter. All of the mutations were confirmed by DNA sequencing of the expression vectors. Wild type and mutant forms of HCA II were purified by affinity gel chromatography (19) ; wild type and mutant forms of HCA III were purified by gel filtration and ion exchange chromatographies (20) . The resulting enzymes were greater than 95% pure determined by gel electrophoresis. The concentrations of wild type and mutants of HCA II were determined by active site titrations using the tight binding inhibitor ethoxzolamide. Concentrations of wild type and mutants of HCA III were determined from the extinction coefficient 6.2 ϫ 10 4 M Ϫ1 cm Ϫ1 at 280 nm (21) .
Oxygen-18 Exchange-We used mass spectrometry to measure the catalyzed and uncatalyzed rates of exchange of 18 O from species of CO 2 into water and the rates of exchange of 18 O between 12 C-containing and 13 C-containing species of CO 2 at chemical equilibrium. Because this method is carried out at chemical equilibrium, pH control is not a significant issue, and the experiments are performed with solutions containing no added buffers. This is an advantage in measuring intramolecular proton transfer because there is not interference by intermolecular proton transfer between the enzyme and the buffer. Equations 3 and 4 demonstrate the catalytic pathway for the exchange of 18 (22, 23) .
Also determined by this method is R H2O , the rate of release from the enzyme of water labeled with 18 O (Eq. 4). A proton donated from a donor group BH ϩ converts the zinc-bound hydroxide to zinc bound water, which readily exchanges with unlabeled water. The 18 O label is greatly diluted into the solvent water. The value of R H2O can be interpreted in terms of the rate constant from a predominant donor group to the zinc-bound hydroxide according to Equation 6 (7), in which k B is the rate constant for proton transfer to the zinc-bound hydroxide, K a donor is the ionization constant for the donor group, and K a ZnH2O is the noninteracting ionization constant of the zinc-bound water molecule.
An Extrel EMX-200 mass spectrometer and a membrane inlet permeable to dissolved gases was used to measure the rate of distribution of 18 O (22) . The experiments were carried out in the absence of buffers, which were not needed to maintain pH because these experiments were carried out at chemical equilibrium.
Crystallography-Crystals of Y7H HCA II were produced by the hanging drop method (24), using a 10 mg/ml protein solution in 50 mM Tris-HCl, pH 7.8. The crystallization drops were obtained by mixing 5 l of protein solution with 5 l of precipitant solution. Each drop was equilibrated against 1 ml of precipitant solution, consisting of 2.4 -2.65 M (NH 4 ) 2 SO 4 , 50 mM Tris-HCl, pH 7.8. The crystals were grown at 4°C, appeared within 3 days, and grew to full size within a week.
X-ray diffraction data for Y7H HCA II were collected using an R-AXIS IVϩϩ image plate system with Osmic mirrors and a Rigaku HU-H3R CU rotating anode operating at 50 kV and 100 mA. The data were collected using a 0.3-mm collimator with a detector to crystal 
, where ͗I i (hkl)͘ is the average intensity over symmetry equivalent reflections. a R cryst ϭ ͚ (ʈF P(obs) ͉ Ϫ ͉F P(calc) ʈ/͚͉F P(obs) ͉). b R free was calculated using 5% of data excluded from refinement.
distance of 150 mm and the 2 fixed at 0°. The data were collected at 300 K using three crystals yielding 121°of data. A total of 53,414 reflections were measured to a maximum resolution of 2.3 Å. All of the frames were collected using a 1°oscillation angle with an exposure time of 180 s/frame. The crystals of Y7H HCA II belonged to the space group P2 1 with unit cell dimensions a ϭ 42.9, b ϭ 41.6, and c ϭ 73.0 Å with ␤ ϭ 104.8°. The data were merged to a set of 9586 independent reflections (85.0% complete) with DENZO and SCALEPACK (25) , resulting in an R sym of 15.1% (Table I) .
The structure of H64A HCA II (Protein Data Bank code 1G0F) (10) including the zinc ion, mercury ion, all water molecules, and with Tyr 7 mutated to Ala was used as the starting phasing model for Y7H HCA II using the software package Crystallography and NMR System (CNS) (26) . Having Ala residues at positions 7 and 64 removed any phase bias in the initial map of the positions of His 7 and His 64 . The initial structure was phased to 2.3 Å resolution. After one cycle of rigid body refinement, geometry restrained positional refinement 2͉F o ͉ Ϫ ͉F c ͉ and ͉F o ͉ Ϫ ͉F c ͉ Fourier maps were calculated. Using the graphics program O, version 7 (27) , showed the position of the zinc ion and side chains of His 7 and His
64
. The zinc ion and side chains were assigned to the model, which was then further simulated, annealed, and refined by heating to 3000 K and gradual cooling, followed by temperature factor refinement with CNS (26). The model was then further refined by an iterative process with computer graphics-assisted molecular modeling prior to the next cycle of refinement. Solvent molecules were placed into the model using the automated water picking algorithm from CNS (26) . Convergence of refinement was deemed when no new water molecules could be placed and refined into the model. Table II gives a full description of the refinement statistics of the final Y7H HCA II model. The coordinates and structure factors have been deposited in the Protein Data Bank with code 1LZV.
RESULTS
Human Carbonic Anhydrase II-We prepared the mutant Y7H/H64A HCA II containing His 7 as the single (nonliganding) histidine residue in the active site cavity. There are no other apparent proton shuttle residues. The rate constant R H2O /[E] for catalysis by this mutant is presented in Fig. 1 . R H2O /[E] is a rate constant for release from the enzyme of 18 O-labeled water, which is determined by proton transfer from a donor residue to the zinc-bound hydroxide as described in Equation 4 (5, 7, 22) . The bell-shaped pH profile for R H2O /[E] reflects the values of pK a of the proton donor and acceptor involved and can be described by Equation 6 for Y7H/H64A as well as for wild type HCA II, also shown in Fig. 1 . These procedures give a fitted value of the rate constant k B for proton transfer from a donor group to the zinc-bound hydroxide as well as information on values of the pK a of the proton donor(s) and the zinc-bound water molecule. The values resulting from a fit of these data to Equation 6 are presented in Table III . We have confirmed the value of pK a of the zinc-bound water obtained in these fits from independent information, the pK a determined from the pH . The values were determined by 18 O exchange at 25°C using solutions containing no buffers; ionic strength of solution was maintained at 0.2 M by addition of Na 2 SO 4 . The lines are least squares fits of Equation 6 to the data yielding the values of pK a of the donor and acceptor groups and the values of k B given in Table IV . a These values of pK a were determined from the pH profiles of R H2O /[E] in Fig. 1 .
b These values of k cat /K m and pK a were determined from the pH profile of k cat /K m for hydration as determined by 18 O exchange. c The high pH component of the bell-shaped curve was not well determined, and the pK a of the donor is estimated as a lower limit. d The pH profile was too complex to assign values of pK a . e The data showed evidence of more than one pK a .
profile of k cat /K m for hydration (also given in Table III ). The data for wild type HCA II are in good agreement, with values previously reported from steady state data with a rate constant for intramolecular proton transfer k B at 800 ms Ϫ1 (Table III) (2, 5, 28) . The same procedure for Y7H/H64A gives a value of k B at 120 ms Ϫ1 . In Table III , these are compared with the value of k B near 10 ms Ϫ1 for H64A HCA II, which has no histidine in the active site cavity (Fig. 1) .
We have also prepared the mutant Y7H HCA II, which has two histidine residues in the active site cavity, His 7 and His 64 . The pH profile for R H2O /[E] is again bell-shaped ( Fig. 1) (Fig. 2) .
The values of k B for intramolecular proton transfer in the mutants of Table III vary over a range of about 80-fold; however, the maximal values of k cat /K m for hydration of CO 2 vary by at most 2-fold. The ratio k cat /K m contains rate constants for the conversion of CO 2 into bicarbonate in the first stage of catalysis (Equation 1). These observations indicate that the mutations we have made do not alter the structure of the enzyme in a manner that causes large changes in activity of this first stage of catalysis.
Human Carbonic Anhydrase III-Wild type HCA III does not have a histidine proton donor in the active site cavity (residue 64 is lysine) and has values of R H2O /[E] independent of pH in the range of pH 5-8 with a value of k B near 3 ms Ϫ1 ( Fig. 3 and Table IV ). However, effective proton transfer in the catalysis has been observed with the mutant K64H HCA III (4) and the mutant R67H HCA III (29) . In each of these cases the rate constant k B was enhanced at least 7-fold with respect to the wild type HCA III (Table IV) . Fig. 3 shows the bell-shaped pH profiles for R H2O /[E] catalyzed by the double mutant K64H/R67H HCA III and the single mutant R67H HCA III; the data for K64H are from Jewell et al. (4) and show the increase in R H2O /[E] as pH is decreased consistent with proton donation by His 64 . These data are readily fit by Equation 6 for a single prominent proton donor with data given in Table IV. We also investigated the potential for His 7 in HCA III to act as a proton donor in catalysis. The single mutant Y7H HCA III showed only a small increase in k B over wild type (Table IV) , and the pH profile was rather featureless, suggesting that this small increment is not caused by proton transfer from His 7 (data not shown). The additional replacement of Y7H/F198L in HCA III greatly affected proton transfer (Table IV) . Residue 198 has its side chain in the active site cavity rather close to the zinc; in HCA II this residue is Leu. The pH profile of R H2O /[E] for Y7H/F198L HCA III was bell-shaped, and its fit by Equation 6 suggests enhanced proton transfer through His 7 with k B near 35 ms Ϫ1 , a value 3-fold greater than k B for F198L HCA III (Table IV) .
We prepared two additional mutants containing two histidine residues in the active site cavity of HCA III: Y7H/K64H and Y7H/K64H/F198L. For each enzyme, we carried out the 18 O exchange experiment and fit the pH profiles with Equation 6 . The results for all of the mutants are presented in Table IV .
The pH profiles for k cat /K m for the hydration of CO 2 catalyzed by HCA III and mutants were determined by 18 O exchange with maximal values and apparent pK a of the zinc-bound water molecule given in the last two columns of Table IV . The value of pK a 5.3 for wild type HCA III was reported by Qian et al. (30) based on data for k cat /K m and attributed to the zinc-bound water. The values of the pK a of the zinc-bound water estimated in this manner were in general agreement with the values obtained from the pH profiles of R H2O /[E] (Table IV) . In the case of mutants of HCA III, there is enhancement of k cat /K m caused by introduction of His at residues 7 and 67 and Leu at residue 198. To some extent this can be attributed to the increase in the pK a of the zinc-bound water, which then renders the zinc-bound hydroxide more nucleophilic in the CO 2 hydration step (Equation 1). Chen et al. (31) and LoGrasso et al. (32) have discussed the effect on catalysis of the mutation at residue 198. Two of these mutants, Y7H/F198L and Y7H/K64H/F198L, were somewhat unstable at pH Ͻ6 and showed evidence of decay during the course of the 18 O exchange experiments.
DISCUSSION
In this study we have two histidine residues in the active site of HCA II at residues 7 and 64. Using a different isozyme, we have placed two histidine residues in HCA III at residues 64 and 67 and, in a different experiment, at residues 64 and 7. Each of these histidine residues can act as a proton transfer group when it is the only nonliganding histidine in the active site cavity, except His 7 in HCA III. We investigate the properties in catalysis by variants of carbonic anhydrase with two proton shuttle sites within the active site cavity and along the proton transfer pathway extending from the zinc-bound solvent molecule to solution.
Human Carbonic Anhydrase II-We have presented evidence in Table III and Fig. 1 that His 7 in HCA II can act as a proton donor to the zinc-bound hydroxide during catalysis. The rate constant for this intramolecular proton transfer k B is described by Equation 6 . The maximum value of k B for Y7H/ H64A HCA II from Fig. 1 is near 120 ms Ϫ1 (Table III) , which means that His 7 in Y7H/H64A HCA II appears to be only about 15% as efficient in proton transfer as His 64 in wild type HCA II, for which k B is 800 ms Ϫ1 (Table III) . Tyr 7 in HCA II has its phenolic hydroxyl 7 Å from the zinc and extends into the active site cavity; moreover, the hydroxyl of Tyr 7 participates in hydrogen bonding with the water structure in the active site that also forms hydrogen bonds with the zinc-bound water (9) . Hence, this residue is placed within the active site cavity such that proton transfer involving His 7 is readily explained. The replacement of Tyr 7 in HCA II by Phe resulted in marginally reduced activity, indicating that Tyr 7 does not have a significant role in proton transfer (33) , probably a result of its basic pK a . His 7 occurs naturally in murine carbonic anhydrase V and has no significant proton transfer role in catalysis (34) .
We used a double mutant cycle (35) to compare our estimates of the rate constants for proton transfer k B for catalysis by the mutants of HCA II containing both His 7 and His 64 . His 7 and His 64 in Y7H HCA II have an antagonistic interaction when values of k B and the changes in free energy calculated from them are compared (Fig. 4a) . In Fig. 4a we consider two single mutations, each of which introduces a proton shuttle in the enzyme. These alter the activation barriers to catalysis, described by ⌬G 1 and ⌬G 2 when acting separately (⌬G ϭ ϪRTln[k B (mutant2) /k B (mutant1) ). The change in the activation barrier for the double mutant is ⌬G 1ϩ2 . The value of ⌬G 1ϩ2 in Fig. 4a for Y7H HCA II (Ϫ1.4 kcal/mol) is greater than ⌬G 1 for the variant resulting in the most change (Ϫ2.6 kcal/mol). This is an antagonism in the classification of double mutant interactions as described by Mildvan et al. (Ref. 36 ; however, because we have observed increases in enzyme activity, the signs of the changes in free energy barriers ⌬G corresponding to antagonistic and synergistic interactions are reversed compared with the notation of Mildvan et al.) . That is, in the presence of His 7 the proton shuttle efficiency of His 64 is reduced.
The crystal structure of Y7H HCA II suggests the source of this result. It may arise from a hydrogen bonding interaction between the nearby residues His 7 and His 64 that hinders the mobility of the side chains; that is, both His 7 and His 64 are hydrogen-bonded to water molecule 305 shown in Fig. 2B . The orientation of the side chain of His
